We compute masses of positive parity spin-1/2 and 3/2 baryons composed of u, d, s, c and b quarks in a quark-diaquark picture. The mathematical foundation for this analysis is implemented through a symmetry-preserving Schwinger-Dyson equations treatment of a vector-vector contact interaction, which preserves key features of quantum chromodynamics, such as confinement, chiral symmetry breaking and low energy Goldberger-Treiman relations. This study requires a computation of diquark correlations containing these quarks which in turn are readily inferred from solving the Bethe-Salpeter equations of the corresponding mesons. Therefore, it serves as a unified formalism for a multitude of mesons and baryons. It builds on our previous works on the study of masses, decay constants and form factors of quarkonia and light mesons, employing the same model. We use two sets of parameters, one which remains exactly the same for both the light and heavy sector hadrons, and another where the coupling strength is allowed to evolve according to the available mass scales of quarks. Our results are in very good agreement with the existing experimental data as well as predictions of other theoretical approaches whenever comparison is possible.
I. INTRODUCTION
Comprehensive theoretical and experimental studies of baryons containing charm and bottom quarks have been a focus of invigorated research over the last several years. Recall that the dynamics of light quarks is dominated by the emergent phenomena of dynamical chiral symmetry breaking (DCSB) and confinement, orchestrated by quantum chromodynamics (QCD). The presence of charm and/or bottom quarks with masses significantly greater than Λ QCD ≈ 300 MeV provides a flavor tag as it introduces a mass scale much larger than the scale of confinement and effective light quark masses within hadrons. Consequently, an exploration of such states presents an opportunity to quantitatively understand the swapping roles played by the chiral dynamics of the light sector and the heavy quark symmetries when charm and bottomom quarks are involved. The quark model in the heavy quark sector predicts hadrons having one, two or three heavy quarks (c, b) as constituents [1] [2] [3] . Properties and decays of singly heavy baryons have been widely studied, see for example [4, 5] . Note that the singly heavy and light baryons can shed light on the role played by the diquark correlations between light quarks, the nonpointlike dynamical degrees of freedom which are known to dictate baryon properties. In the case of light baryons, such investigations cannot provide a comparative analysis of the relative contribution of light-light and heavylight diquarks because all the diquark correlations inside them are made of light quarks and follow similar dynamics. In the presence of one charm or bottom quark, we expect to understand the quantitative relative contribution of different diquark correlations [6] . These light quark and heavy-light diquark correlations reflect in the ground and excited state spectra, masses, decay rates, branching ratios and the production rates.
The excited spectra of doubly heavy baryons and their splittings can shed light into their intrinsic collective degrees of freedom, which are characterized by two widely separated scales : the low momentum scale of the light quark (∼ Λ QCD ) and the relatively heavy charm or bottom quark mass, giving rise to excitation in these systems. The triply heavy baryons are expected to be the ideal candidates for understanding the QCD dynamics for such systems [7, 8] .
There is a very active ongoing experimental program at various laboratories to study charm and bottom baryons, their masses, lifetimes and weak decays. BELLE has done a lot of spectroscopy of Ξ c and Ω c resonances, measuring precisely the masses and widths of several such states. With 50 times more data obtained through upgrades to the KEK accelerator facility, Belle II will continue with charmed baryon spectroscopy. With data taking under way, it should precisely measure line-shapes, map out resonances, search for new decay channels and test predictions for hitherto unobserved states [9] . Exciting QCD and hadron physics program at the Jefferson Laboratory unravel the internal structure of ground and excited state mesons and baryons in terms of their electromagnetic and tranition form factors [10] [11] [12] . Excited strange and charmed baryons will also be studied at future experiments like PANDA [13] . The LHCb detector is designed for the study of particles containing arXiv:1911.09213v1 [nucl-th] 20 Nov 2019 b or c quarks. They have recently reported two new baryons, named Σ b (6097) ± which appear as resonances in the two-body system Λ 0 b π ± [14] . These states can perhaps be identified as P -wave excited states, [15] . Especially interesting is the observation of a doubly charmed baryon, called Ξ ++ cc (ucc), seen by the LHCb collaboration in the ∆ + c K − π + π + final state, with mass around 3621 MeV [16] . This value is higher than that for the first doubly charmed state Ξ ++ cc (ucc) measured by SELEX in 2002. Its mass was determined to be 3460 MeV [17, 18] .
We shall present the calculation of heavy baryon masses using a continuum treatment of nonperturbative QCD, namely the Schwinger-Dyson equations (SDEs). These were earlier used to study the spectrum and interactions of mesons with masses less than 1 GeV [19] . The rainbow-ladder truncation was later applied to the ground state heavy-heavy mesons [20] . A vector-vector contact-interaction (CI) was first proposed in [21] . Since then it has been used to study a wide range of mesons in light quark sector [21] [22] [23] [24] [25] . Its range of applicability was later extended to the study of charmed and bottom mesons [26] [27] [28] [29] . A calculation of the spectrum of strange and nonstrange hadrons with the CI treatment was published in [24] . Parity partners in the baryon resonance spectrum were later computed in [30] . Masses of the ground-state mesons and baryons, including those containing heavy quarks were presented recently in [29, 31] . Note that heavy baryons have also been studied using numerical simulations of lattice-regularised QCD, see for example [32] [33] [34] . When we present our results of the CI, We make comparisons, whenever possible, with earlier representative studies in the field.
We organize this paper as follows. In section II, we present our formulation of CI model. The Bethe-Salpeter (BS) equation to study two-particles bound states is introduced in section III. We then calculate the diquarks and mesons containing charm and bottom quarks. Pseudoscalar mesons and their diquark partners are studied in section III A. The masses of vector mesons and axialvector diquarks are computed in section III B. In section IV, we describe the Faddeev equation (FE), focusing on baryons with one, two or three heavy quarks. The results for masses of spin 1/2 and spin 3/2 baryons are discussed in sections IV A and IV B, respectively. Finally, a summary and outlook is provided in section V.
II. CONTACT INTERACTION: FEATURES
The gap equation for fermions requires modelling the gluon propagator and the quark-gluon vertex. Here we shall recall and list these key characteristics of the CI [21] [22] [23] 35] :
• The gluon propagator is defined to be independent of any varying momentum scale:
where m g = 500 MeV is a gluon mass scale generated dynamically in QCD [36] [37] [38] [39] , and α IR can be interpreted as the interaction strength in the infrared [40] [41] [42] .
• At leading-order, the quark-gluon vertex is
• With this kernel the dressed-quark propagator for a quark of flavor f becomes
where m f is the current-quark mass. The integral possesses quadratic and logarithmic divergences and we regularize them in a Poincaré covariant manner to preserve the axial-vector Ward-Takahashi identity. The solution is :
where M f in general is a mass function running with a momentum scale, but within the CI it is a constant dressed mass.
• M f is determined by
where
with Γ(α, y) being the incomplete gamma-function and τ ir,uv are respectively, infrared and ultraviolet regulators. A nonzero value for τ IR ≡ 1/Λ IR implements confinement [43] . Since the CI is a nonrenormalizable theory, τ UV ≡ 1/Λ UV becomes part of the model and therefore sets the scale for all dimensional quantities.
We report results using two parameters sets, the lightquark parameters (CI-LP), and the heavy ones (CI-HP), Table I . The parameters denoted by CI-LP are used in calculations of heavy and light hadron masses unlike the CI-HP, which are a function of the mass of the constituent quarks. If one wants to go beyond predicting the masses of the hadrons and construct a model which can also predict charge radii and decay constants, then the study of the heavy sector requires a change in the model parameters with respect to those of the light sector: an increase in the ultraviolet regulator, and a reduction in the coupling strength. Following Ref. [28] , guided by [44, 45] , we define a dimensionless couplingα : In close analogy with the running coupling of QCD with the momentum scale on which it is measured, an inverse logarithmic curve can describe the functional dependence ofα(Λ UV ) reasonably well:
a = 0.92 and Λ 0 = 0.36 GeV, see Fig. 1 in Ref. [28] . With this expression, we can estimate the value of the coupling strengthα(Λ UV ) once a value of Λ UV is assigned. Table II presents the values of u, s, c and b dressed quark masses computed from Eq. (5) . The simplicity of the CI allows one to readily compute hadronic observables, such as masses, decay constants, charge radii and form factors. The study of heavy, heavy-light and light meson masses should provide a way to determine diquark effective masses, assumed to be confined within baryons, and properties of heavy, heavy-light, and light baryons. With this in mind, in the next section, we describe and solve the BS equation for mesons and diquarks.
III. MASSES OF MESONS AND DIQUARKS CONTAINING c AND b QUARKS
The dominant correlations for ground state baryons are scalar (0+) and axial-vector (1+) diquarks. At leading-order in a symmetry preserving truncation of the SDEs, simple changes in the equations describing mesons yield expressions that provide detailed information about the scalar and axial-vector diquarks. Such states are of course not colorless in QCD, and are therefore expected to be confined, if they exist at all. Nevertheless, the masses of these states can serve as an indication for the relevant mass scales of quark-quark correlations. Such diquark correlations could play a role inside baryons: two quarks strongly correlated in a color antitriplet configuration can couple with a quark to form a color-singlet baryon. With this purpose, a calculation of the physical meson masses is a guide to compute its diquark partner masses. The bound-state problem for hadrons characterized by two valence-fermions may be studied using the homogeneous BS equation in Fig. 8 . This equation is [46] 
where Γ is the bound-state's BS amplitude; χ(q; P ) = S(q + P )ΓS(q) is the BS wave-function; r, s, t, u represent colour, flavor and spinor indices; and K is the relevant fermion-fermion scattering kernel. This equation possesses solutions on that discrete set of P 2values for which bound-states exist. We use the notation introduced in [24] , [f 1 , f 2 ] for scalar diquarks, and ({f 1 , f 1 }), ({f 1 , f 2 }) for axial vector diquarks. We will describe the spectroscopy of charm and bottom mesons in the following subsections.
A. Pseudoscalar mesons and scalar diquarks
We consider hadrons with five quark flavors (u,d,s,c,b) with SU(5) multiplets predicted by the quark model [49] [50] [51] . As an example, a set of corresponding pseudoscalar mesons projected along the (u,d,s,c)-axes, [52] , are depicted in Fig. 2 . The homogeneous BS equation for a pseudoscalar meson comprised of quarks with flavor f 1 and antiquarks with flavorf 2 is Table I . Experimental masses are taken from [47, 48] Mesons where P is the total momentum of the bound-state. This equation has a solution for P 2 = −M 2 P S , where M P S is the mass of the bound-state. A general decomposition for pseudoscalar mesons in the CI has the following form
. Inserting Eq. (11) into Eq. (10) and requiring symmetry-preserving regularisation of the CI, see e.g. Ref. [53] , implies
where α is a Feynman parameter and
The explicit form of the BS equation is
with
Eq. (14) is an eigenvalue problem. It has a solution when P 2 = −M 2 P S . Then the eigenvector corresponds the BS amplitude of the meson. In the computation of observables one must employ the canonically normalized amplitude:
After solving the BS equation for the mesons, we can obtain the results for the diquarks. The BS amplitude for a
Γ C SD is the conjugate BS amplitude and satisfies Mesons In this case the canonical normalisation condition is
In Table III , we present a comparison between experimental and theoretical results for the masses of pseudoscalar mesons and their diquark partners. Expectedly, CI-HP yield results closer to experimental values when the quark masses are more disparate, as compared to the ones obtained from CI-LP. In Table IV , We list BS amplitudes for the sake of completeness and a quick consultation. Although the names for the mesons are the conventional ones, the quark content is also shown explicitly to avoid confusion. An equal spacing rule for pseudoescalar mesons containing one heavy quark is [29, 54, 55 ]
The left hand side of Eq. (22) yields 0.02 GeV if we insert experimental values of the masses or the ones using CI-LP, that is, a deviation of 2% from the sum rule, while the predictions of CI-HP yield exactly zero. In heavy-light mesons, the light quark dynamics is mainly dictated by its mass and its interaction with an almost static heavy quark. Finding a light quark away from the central core is much more probable than the heavy one.
B. Vector mesons and axial-vector diquarks
In Fig. 3 we depict a 15-plet and a singlet of vector mesons made of u, d, s and c quarks. Following the discussion in [35] , it is straightforward to write the BS amplitude for a J P = 1 − -meson (f 1f2 ) and The explicit form of Eq. (9) for the ground-state vector meson, whose solution yields its mass-squared, is where P µ γ ⊥ µ = 0. The explicit form of Eq. (9) for the ground-state vector-meson, whose solution yields its mass-squared, is
and Table I . We present a comparison between CI and experiment [47, 48] Mesons The
The corresponding canonical normalisation condition can be written as :
Following this pattern one may immediately write down the BS equation for J P = 1 + diquark correlations :
We adopt the notation AV D for axial-vector diquarks. The canonical normalisation condition is :
The results are reported in Tables V and VI. Equal spacing rule for vector mesons with the same quark content in Eq. (22) , [29, 54, 55] The Eq. (28) is exactly fulfilled for the experimental results and for the HP. The results using LP have an error of 1%. In the same references [29, 54, 55] , we can also find approximate mass relations connecting vector and pseudoscalar mesons :
We test these mass relations, Eqs. (29) (30) (31) (32) (33) (34) (35) (36) (37) , against experiment. The deviation from these mass relations is listed in the The SU (5) flavor group includes all types of baryons containing zero, one, two or three heavy quarks. The baryons multiplets that arise from 3 ⊗ 3 ⊗ 3 are: a decuplet, two octets and a singlet. The corresponding multiplet structure for SU (4) is 4 ⊗ 4 ⊗ 4 = 20 S ⊕ 20 M ⊕ 20 M ⊕ 4 A . Note that explicit quark masses break the flavor symmetry. The larger the group, the bigger is the amount of breaking. However, the group algebra helps us identify the baryons whose masses we will compute. As an example, we present such baryon multiplets with u, d, s and b quark in Figs. 4, and 5 . The multiplet with charm quarks is analogous to the one containing the bottom quark. Here, we consider the three-quark systems with one, two or three heavy quarks. The singly heavy baryons are not all discovered. A lot of literature is available on theoretical studies concerning the doubly and even triply heavy baryons with different approaches, including Poincarcovariant analysis(PC) of continuum QCD [56] , lattice [32, 34] , variational Coulomb and Cornell potentials [57] , Faddeev equation formalism (Fadv) [58] , the bag model (BM) [59] , quark countig rules (QCR) [7] , constituent quark model (CQM1) [1] and (CQM2) [60] , relativistic quark model (RQM) [61] , instanton quark model (IQM) [62] , hypercentral model (HCM) [63] , QCD sum rules (SR) [64] , Regee phenomenology [65] and nonrelativistic QCD (NRQCD) [66] . On the experimental side, in 2002, the SELEX Collaboration [17] reported the first observation of a doubly charmed baryon Ξ + cc in the decay mode Ξ + cc → Λ + c K − π + . Its mass was determined to be 3519 ± 1 MeV. Further works identified its isospin partner Ξ ++ cc (3460) [18] . Recently, the LHCb Collaboration [16] reported the observation of Ξ ++ cc in the Λ + c K − π + π + decay mode. But its mass was determined to be 3621.40 ± 0.72(stat.) ± 0.27(syst.) ± 0.14(Λ + c ) MeV. With the ongoing theoretical efforts and experimental discoveries, we join the timely effort to study these baryons. In this section we extend the CI model in the heavy baryon sector. We compute the masses of positive parity spin-1/2 and 3/2 baryons composed of u, d, s, c and b quarks in a quark-diaquark picture employing both the CI-LP and CI-HP parameters. We base our description of baryon bound-states on FE, which is illustrated in Fig. 6 . The mass of the ground-state baryon with spin 1/2 comprised by the quarks [1 ] is determined by a 5 × 5 matrix FE. One can write it in the following form :
. (38) The general matrices S( ; P ) and A i ν ( ; P ), which describe the momentum-space correlation between the quark and diquark in the nucleon and the Roper, are described in Refs. [67, 68] . However, with the interaction employed in this article, they simplify considerably
where the scalars s and a i 1,2 are independent of the relative quark-diquark momentum andP 2 = −1. The Faddeev amplitude is thus represented by the eigenvector :
The kernel in Eq. (38) is
The elements of the matrix in (41) are detailed in appendix B. In order to simplify Eqs. (38) , we use static approximation for the exchanged quark with flavor f . It was introduced long ago in Ref. [69] 
A variation of it was implemented in [25] ,
We follow refs. [24, 30, 35] and represent the quark (propagator) exchanged between the diquarks as
The superscript "T" indicates matrix transpose. In the implementation of this treatment for heavy baryons with spin-1/2 we use g B = 0.75 for CI-LP and g B = 1 for CI-HP. Explicit expressions for the flavor matrices t for the diquark pieces can be found in Appendix C. The spin-1/2 heavy baryons are represented by the following column matrices:
Experimental and calculated masses of spin 1/2-baryons with charm and bottom quarks are listed in Table VII , specifying the percentage difference between them. One of the most striking results is that for the mass of the Ξ ++ cc baryon observed in LHCb. The difference the our work and the reported experimental value is 0.055% with CI-HP and zero with CI-LP. This result is also consistent with the spacing rule for heavy baryons with one heavy and two light quarks [54, 55, 70] 
We test this rule for the following baryons : · · · 5.94% 4.08% · · · · · · 0.16% 0.34% · · · · · · Diff. CI-HP 0.55% · · · 4.83% 5.30% · · · · · · 0.49% 0.51% · · · · · · Baryons with spin 3/2 are especially important because they can involve states with three c-quarks and three b-quarks. In order to calculate the masses we note that it is not possible to combine a spin-zero diquark with a spin-1/2 quark to obtain spin-3/2 baryon. Hence such a baryon is comprised solely of axial-vector correlations. The Faddeev amplitude for the positive-energy baryon is :
where P is the baryon's total momentum and u ν (P ) is a Rarita-Schwinger spinor,
Understanding the structure of these states is simpler than in the case of the nucleon and D νρ ( ; P ) = S( ; P ) δ νρ + γ 5 A ν ( ; P ) ⊥ ρ . (49) We give more details of this equation in the appendix A. We will consider the baryons with two possible struc-tures:and q 1 qq.
Baryons(qqq):
A single possible combination of diquarks exists for a baryon composed of the same three quarks (qqq). In this case, the Faddeev amplitude is:
Employing Feynman rules for Fig. 6 and using the expression for the Faddevv amplitude, eq. (50), we can write
where we have suppressed the functional dependence of M on momenta for the simplicity of notation. We now multiply both sides byū B β (P ) from the left and sum over the polarization not explicitly shown here, to obtain
Finally we contract with δ µβ
where we have defined
From the last two expressions, it is straightforward to compute the mass of the baryon constituted by three equally heavy quarks.
Baryons(q 1 qq): For a baryon with quark structure (q 1 qq), there are two possible diquarks, {qq} and {q 1 q}. The Faddeev amplitude for such a baryon is:
so that the corresponding FE has the form
with the elements of the matrix M given by :
where t f are the flavor matrices and can be found in appendix C. The color-singlet bound states constructed from three heavy charm/bottom quarks are:
The column vectors representing singly and doubly heavy baryons are:
We have solved FE (48) and obtained masses and eigenvectors of the ground-state baryons. In case of baryons with spin 3/2, we use g B = 1 for both CI-LP and CI-HP. For triply heavy baryons, we present a comparison in Table IX with masses obtained using other methods. The results with CI-LP have a difference with those obtained on lattice of less than 1%, while for CI-HP, the largest difference is approximately 3%. The masses of the heaviest baryons with spin 3/2, Ω ccc y Ω bbb are illustrated in Figs. 7 and 8. Substituting the two sets of parameters proposed in the previous sections into the FE, we now obtain the masses of singly and doubly heavy baryons. We present these results in Table X in the units of m Ωccc . The masses of baryons with spin 3/2 with a single heavy quark obey an equal-spacing rule [54, 55, 70] 
This relation for CI-LP yields a mass of m Ξusc = 2.76 GeV while for CI-HP it is 2.83 GeV. These predictions compare well with the experimental result of 2.467 GeV reported in [48] . For the corresponding baryon containing a bottom quark, we obtain m Ξ usb = 5.86 GeV for CI-LP and 6.024 GeV for CI-HP. The observation of the baryon Ξ usb was reported by the CMS Collaboration with a value of 5.948 GeV [71] which is in good agreement with our results.
We now turn our attention to the spacing rules which combine baryons with different spins [72] : We find that the CI with LP and HP parameters generates a mass spectrum that is consistent with these spacing rules. The differences of the results obtained with CI-HP and the experiment are closer to zero as compared to those obtained using CI-LP. We define a constituentquark passive-mass like relation [56] , via
3
m Ω f f f .
In the following (64) Note that the constituent-quark passive-masses are approximately the same as our computed dressed-quark masses provided in Table II .
V. CONCLUSIONS
The widely used CI model incorporates the key features of QCD such as chiral symmetry breaking, confinement and low energy Golberger-Treiman relations. It has previously been employed to calculate properties of light mesons and baryons as well as heavy quarkonia. We extend the domain of applicability of this model to study the mass spectrum of heavy-light mesons, the corresponding diquarks as well as heavy baryons of positive parity. To study these systems, we use two sets of parameters: the first set consists of exactly the same parameters for all the mesons and baryons (CI-LP) while the second second is a mass fit inspired by our previous work [28] (CI-HP). Employing this fit, we propose a systematic scheme to inspect mesons in different mass range. We keep the dressed quark masses used in our previous works, and then fix the Λ UV parameter in the Bethe-Salpeter equation to obtain the masses of heavy and heavy-light mesons, see Table III , along with their respective coupling strength. Additionally, we calculate the masses of their diquarks partners, listed in Table V , which eventually enter the computation of heavy baryon masses. A careful analysis of Tables III, V, VII and X reveals that our mass predictions for both mesons and baryons are in excellent accordance with the existing experimental data. Our results on the masses of doubly heavy baryons (Ξ ++ cc ) agree with the ones announced by SELEX [17] and LHCb [16] . CI with parameters presented herein provides a difference of < 1% with LHCb. There are no experimental results available for the masses of the heaviest baryons Ω ++ * ccc and Ω − * bbb . However, our computed masses agree fairly well with other approaches available, see Figs. 7 and 8. The results illustrated in these figures show the proximity of the masses calculated in this work with the average of a plenty of predictions. Additionally, our results for mesons and baryons satisfy the spacing rules to a high accuracy. Employing some of these rules, we can predict masses of baryons with three different flavors of quarks, Eq. (58). Our study clearly shows that we can use the same parameters to calculate the masses of all mesons and baryons. However, if we want to compute other observables, such as decay constants and form factors, we need to adapt the model better. The set of parameters CI-HP does that job for us. Note that unlike other calculations with CI [24, 25, 29, 30, 35] , we can fix g N = 1 for all baryons, still obtaining the same or better accuracy, without introducing additional parameters for any fine tuning. Our further steps of reserach will involve exotics, excited states as well form factors of mesons and baryons containing heavy quarks.
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Appendix A: Euclidean Conventions
In our Euclidean formulation: and may be expressed explicitly as :
with E = i P 2 + M 2 ,
For the free-particle spinor,ū(P, s) = u(P, s) † γ 4 . It can be used to construct a positive energy projection operator: where "T" denotes transposing all matrix indices and C = γ 2 γ 4 is the charge conjugation matrix, C † = −C.
Moreover, we note that
We employ a Rarita-Schwinger spinor to represent a covariant spin-3/2 field. The positive energy spinor is defined by the following equations:
(iγ·P +M ) u µ (P ; r) = 0 , γ µ u µ (P ; r) = 0 , P µ u µ (P ; r) = 0, (A.11) where r = −3/2, −1/2, 1/2, 3/2. It is normalised as: The S-meson and AV-diquark BS amplitudes assume the simple form in Eqs. (10, 23) . ∆ 0 + () and ∆ 1 + µν (), are standard propagators for scalar and vector diquarks. 
